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Nodal signalingEarly animal embryonic development requires maternal products that drive developmental processes prior to
the activation of the zygotic genome at the mid-blastula transition. During and after this transition, maternal
products may continue to act within incipient zygotic developmental programs. Mechanisms that control
maternally-inherited products to spatially and temporally restrict developmental responses remain poorly
understood, but necessarily depend on posttranscriptional regulation. We report the functional analysis and
molecular identiﬁcation of the zebraﬁsh maternal-effect gene mission impossible (mis). Our studies suggest
requirements for maternally-derived mis function in events that occur during gastrulation, including cell
movement and the activation of someendodermal target genes. Cell transplantation experiments show that the
cell movement defect is cell autonomous. Within the endoderm induction pathway,mis is not required for the
activation of early zygotic genes, but is essential to implement nodal activity downstream of casanova/sox 32
but upstream of sox17 expression. Activation of nodal signaling in blastoderm explants shows that the
requirement formis function in endoderm gene induction is independent of the underlying yolk cell. Positional
cloning of mis, including genetic rescue and complementation analysis, shows that it encodes the DEAH-box
RNA helicase Dhx16, shown in other systems to act in RNA regulatory processes such as splicing and
translational control. Analysis of a previously identiﬁed insertional dhx16 mutation shows that the zygotic
component of this gene is also essential for embryonic viability. Our studies provide a striking example of the
interweaving of maternal and zygotic genetic functions during the egg-to-embryo transition. Maternal RNA
helicases have long been known to be involved in thedevelopment of the animal germ line, but ourﬁndings add
to growing evidence that these factors may also control speciﬁc gene expression programs in somatic tissues.424, Madison, WI 53706, USA.
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Prior to the activation of the zygotic genome at the midblastula
transition, early animal development depends solely on maternal
factors expressed during oogenesis and stored in the egg (Newport
and Kirschner, 1982a, 1982b). Such factors are essential to drive early
cellular and developmental programs before transcription from
zygotic genes ensues. Even after zygotic gene activation, some
perduringmaternal factors continue to be required for developmental
processes (Putiri and Pelegri, 2008).
Maternal factors can be stored in the egg as proteins, mRNAs, or
other biomolecules. A crucial issue for the developing embryo is how
to properly regulate the temporal and/or spatial activity of such
factors after they are produced during oogenesis, both throughout the
remainder of oogenesis and in early embryogenesis. In the case of
maternally inherited mRNAs, such regulation involves posttranscrip-
tional control. The importance of posttranscriptional temporal andspatial control is particularly relevant for those genes whose products
may be inherited maternally but whose actions do not occur until
later stages of development, for example, those acting during or after
the midblastula transition.
While posttranscriptional mechanisms are used as a general
means of gene regulation, there are an increasing number of examples
in which dedicated posttranscriptional events convey developmental
speciﬁcity. For example, although upon fertilization the bulk of
Xenopus transcripts are activated for translation by becoming
polyadenylated, a subset of transcripts are activated by poly(A)-
independent mechanisms (Vardy and Orr-Weaver, 2007). In a second
example, subcellular localization of maternally-derived germ plasm
mRNAs and their speciﬁc stabilization are instrumental in the
activation of the germ cell program (Kloc and Etkin, 2005; Cinalli
et al., 2008; Lipshitz and Smibert, 2000; Rajyaguru and Parker, 2009).
A third case of selectivity in developmental targets occurs towards the
end of the period of maternal control during embryogenesis, at the
midblastula transition, when maternally-derived factors are involved
in the degradation of many maternally-derived mRNAs (Giraldez
et al., 2006; Ferg et al., 2007). In spite of these and other known
examples, the role of posttranscriptional regulation during early
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important unanswered question is to what extent speciﬁc posttran-
scriptional networks are involved in cell fate determination and
morphogenetic events within somatic tissues and the establishment
of the basic embryonic body plan.
A primary event in the deﬁnition of the animal embryo is
gastrulation, the process that generates the three embryonic germ
layers, the ectoderm, mesoderm and endoderm. In teleost ﬁsh, this
process is additionally coordinated with epiboly, where the cells of
the blastula migrate towards the vegetal pole of the embryo until
the yolk is completely engulfed by cellular layers (Kimmel et al.,
1990, 1995). Fate map studies have shown that the internal two
layers originate from a population of bipotential cells, the
mesendoderm, initially present at the embryonic margin, as it
moves towards the vegetal pole during epiboly (Kimmel et al.,
1990; Warga and Nüsslein-Volhard, 1999; Montero et al., 2005;
Keller et al., 2008). During gastrulation, marginal cells are
internalized, become committed to unipotential cell fates, and
acquire characteristic morphologies and positions: endodermal
precursor cells ﬂatten and adhere tightly to the yolk cell, while
mesodermal precursors maintain a mesenchymal morphology
within an intermediately located layer (Warga and Nüsslein-
Volhard, 1999).
Induction of the mesendoderm has been shown to be dependent
on the activity of the nodal signaling pathway. Genetic analysis has
shown that two zygotic genes of the nodal family of TGFß ligands,
squint and cyclops, become activated at the embryonic margin
during embryogenesis and are redundantly required for the
activation of the mesendoderm (Feldman et al., 1998; Gritsman
et al., 1999). These nodal factors signal through the Activin type I
receptor, Taram-A (Renucci et al., 1996; Peyriéras et al., 1998;
Alexander and Stainier, 1999; Aoki et al., 2002b) and the EGF-CFC
co-receptor One-eye pinhead (Oep) (Zhang et al., 1998; Gritsman
et al., 1999; Yeo andWhitman, 2001; reviewed in Schier and Talbot,
2005). Activation of nodal signaling results in the phosphorylation
and nuclear translocation of the transcription factor Smad2 in
complex with Smad4 (Nomura and Li, 1998; Weinstein et al., 1998;
Jia et al., 2008). Within the nucleus, the Smad complex associates
with the winged-helix transcription factor FoxH1/Fast1 to activate
downstream targets (Watanabe and Whitman, 1999; Pogoda et al.,
2000; Sirotkin et al., 2000; Kunwar et al., 2003). In endodermal
precursors, this complex is known to additionally require associ-
ationwith themix-type homeodomain transcription factors Bonnie
and Clyde (Bon)/Mixer (Alexander and Stainier, 1999; Kikuchi
et al., 2000, 2001; Kunwar et al., 2003) and Mezzo (Poulain and
Lepage, 2002), and the transcription factor Gata5 (Faust; Reiter
et al., 1999; Rodaway et al., 1999; Weber et al., 2000; Reiter et al.,
2001). These interactions eventually lead to the activation of target
genes such as no tail (ntl, homologue of mammalian brachyury;
(Schulte-Merker et al., 1994a, 1994b) and spadetail (spt; Grifﬁn
et al., 1998) in mesodermal precursors, and the HMG-box contain-
ing transcription factors casanova (cas)/sox32 (Dickmeis et al.,
2001; Kikuchi et al., 2001), foxA2 (Strähle et al., 1993; Odenthal and
Nüsslein-Volhard, 1998), and sox17 (Alexander and Stainier, 1999)
in the endodermal lineage.
Here, we report the primary characterization and molecular
identiﬁcation of the zebraﬁsh maternal-effect genemission impossible.
We provide evidence that suggests a role for maternal mission
impossible function in the ability to respond to nodal activation during
gastrulation. Molecular cloning of mission impossible indicates that it
encodes Dhx16, a DEAH box-containing factor of the RNA helicase
family whose homologues in other organisms have roles in posttran-
scriptional gene regulation. Our analysis suggests that mission
impossible/dhx16 is involved in the control of a subset of genes
involved in somatic development, including the activation of several
endoderm-speciﬁc downstream genes.Materials and methods
Fish maintenance
Stocks of wild-type AB andmis/dhx16 lines weremaintained under
standard conditions at 28.5° (Brand et al., 2002). Fish homozygous
for the mist792 allele were identiﬁed by genotyping the ﬂanking SSLP
markers z9189 using primers TCCAGGTTTGCGTGTGATAG and CCAG-
TGTGAAACCCGAGAAT and z9746 using primers CCTTTCTGTTCATG-
CCCTTC and ATGTGGGAATGGAAGTGAGC. Maternally mutant embryos
were obtained by crossing homozygous mis females to AB males.
Heterozygous carriers for the dhx16hi4049 allele were identiﬁed through
incrosses that led to the necrosis phenotype in one quarter of the
embryos. All embryos were collected and developed in E3 embryonic
medium (Pelegri and Schulte-Merker, 1999) and were staged accord-
ing to the age and morphological standards described in Kimmel et al.,
1995.
Isolation and genotyping of genomic DNA
Fish were anesthetized with MESAB (0.014%) and the tail ﬁn was
clipped by razor blade and placed into DNA lysis buffer (10 mM Tris,
pH 8.0; 10 mM EDTA, pH 8.0; 200 mM NaCl; 1% Triton X-100; 0.05 μg
proteinase K). Tissue lysates were incubated overnight at 55 °C, and
prior to PCR, lysates were incubated at 95 °C for 10 min to inactivate
proteinase K. For bulk segregation analysis, the DNA concentration of
each lysate wasmeasured and dilutions were made for a 4 ng/μl stock.
For general genotyping, lysates were used directly without dilution,
and 1 μl of lysate was used per 20 μl PCR reaction. For each 10 μl PCR,
1 μl of Hot Start Buffer, 0.2 μl of dNTPs, 0.05 μl of Hot Start Taq
polymerase (Eppendorf), and 10 ng genomic DNA, and 5 μl of 5 μM
primer were used. PCR products were analyzed on a 2% high-
resolution agarose gel.
Cloning of mission impossible
The clone containing dhx16 cDNA, accession # BC045393, was
obtained through OpenBiosystems.com. The gene contained within
the vector pME18S-FL3 was excised by EcoRI and XbaI and ligated into
the same sites within the vector pCS2+. For in vitro transcription of
mRNA, the pCS2+ clone was digested with NotI and transcribed with
SP6 mMessage mMachine kit (Ambion). Additionally, the clone was
excised by EcoRI and XbaI and ligated into the same sites within
pBluescriptSK+. pBS + dhx16 was used to make antisense digox-
igenin probe by linearizing with EcoRI and transcribing with T3 RNA
polymerase. PCR-based site-directed mutagenesis was used to
introduce the mutation corresponding to the maternal-effect mis
allele (isoleucine to asparagine at amino acid 430) in pBS + dhx16, to
generate the mutated construct pBS + dhx16I-NN. The resulting
construct was veriﬁed by fully sequencing the mutated dhx16 cDNA.
In situ hybridization and immunoﬂuorescence
In situ hybridizations were carried out as described previously
(Pelegri andMaischein, 1998). FISH for casanovawas performed using
Fast Red Tablets (Roche) as previously described (Hauptmann and
Gerster, 1994; Hauptmann, 1999). Probes for in situ included bonnie
and clyde (Kikuchi et al., 2000), bozozok/nieuwkoid (Koos and Ho,
1998), chordin (Schulte-Merker et al., 1997), casanova/sox32 (Kikuchi
et al., 2001), cyclops (Rebagliati et al., 1998b), even skipped (Joly et al.,
1993), foxA2/axial (Odenthal and Nüsslein-Volhard, 1998), foxb1.2
(Odenthal and Nüsslein-Volhard, 1998), goosecoid (Schulte-Merker
et al., 1994a), lefty1 and lefty2 (Bisgrove et al., 1999), no tail (Schulte-
Merker et al., 1994a), snail1a (Hammerschmidt and Nüsslein-Volhard,
1993), sox17 (Alexander and Stainier, 1999), squint (Rebagliati et al.,
1998a), and lhx1a (Toyama et al., 1995). For the detection of tubulin,
Fig. 1. Gastrulation defects in maternally mutant mis embryos. Wild-type embryos
(A,C) and mis mutant embryos (B,D). mis embryos exhibit reduced epiboly of the
blastoderm, as evidenced by the increased thickness of the blastoderm at the animal
pole (white solid lines) and reduced coverage of the yolk (white dotted line indicates
blastoderm margin). The extent of involution of the hypoblast is also reduced (black
brackets). Lateral views (animal top, dorsal right). (E–I) Defects in epiboly and
convergence. (E) Labeling strategy, by uncaging a small group of cells at the lateral
margin in wild-type (F) and mutant (G) embryos (SV: side view; DV: dorsal view). At a
time corresponding to 90% epiboly in the wild-type, the extension of labeled cells along
the animal–vegetal axis (double-headed arrows) is reduced in themutant (I) compared
to wild-type (H). In addition, the width of the band of labeled cells (brackets),
indicative of cell intercalation during convergence, is reduced in mutant embryos.
(F,G) are side views, dorsal to the right. (H,I) are centered on the labeled cells,
corresponding to the dorsal view (DV) in (E). Uncaging was carried out at 5:30 h.p.f.
and time after fertilization is indicated in h:min. Embryos shown in (F–I) are
representative of 5 wild-type and 5 mutant embryos.
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described (Theusch et al., 2006) with the primary antibody for anti-
α-tubulin (Sigma, monoclonal B5-1-2, 1:2000). The primary antibody
was recognized with Alexa488-conjugated secondary antibody
(Molecular Probes, Jackson Immuno Research Laboratories). F-actin
labeling was carried out as described previously (Theusch et al., 2006)
using Alexa488-conjugated phalloidin (Molecular Probes). Subse-
quently, embryos were labeled for DNA by DAPI (0.5 μg/ml in PBS) for
10 min at room temperature. In situ hybridization and immunoﬂu-
orescence analysis was carried out using at least 2 independent
mutant clutches, each consisting of 10 to 50 embryos.
Imaging
Imaging of ﬁxed or live ﬂuorescently labeled embryos was per-
formed using a Zeiss Axioplan2 ﬂuorescence microscope and Open
Lab imaging software. Imaging of casanova FISH and of phalloidin
stained embryos was performed by confocal microscopy using a Zeiss
Lsm510 microscope and images were processed using Image J
software. Images of embryos labeled by in situ hybridization were
acquired with a Leica-FLIII microscope and a color camera (Diagnostic
Instruments Spot Insight).
Quantitative PCR analysis
For each sample, total RNA was isolated from 50 embryos and
reverse transcribed using AMV Reverse Transcriptase. The resulting
cDNA was analyzed using a BioRad MyIQ Real-Time PCR Detection
System. Forward and reverseprimers for the analysiswere as follows:ß-
actin1: AGAAGATCTGGCATCACACC and CCAGAGTCCATCACAATACC;
ntl: GGTTCTTCGATGTCCTACTC and GATTTCCTCCTGAAGCCAAG; sox32:
TCGACGAAAGTGCAACAAGC and CCACTTGATGATGTTGCCTC; sox17:
TGCAGCAGGTATTTCACGAG and GTGGCTGCTAACACAATGTG. Q-PCR
data was analyzed as described in Livak and Schmittgen (2001).
RNA injections and embryo manipulations
RNA for injection was in vitro synthesized using mMessage
mMachine kits (Ambion) as described previously (Pelegri and
Maischein, 1998). RNA was diluted using DEPC-treated water to a
concentration of 200 ng/μl. Embryos were injected with approxi-
mately 1 nL of mRNA solution before the 2-cell stage unless otherwise
noted. Yolk excisions were performed as described previously (Ober
and Schulte-Merker, 1999).
dhx16 morpholino analysis
A morpholino oligonucleotide (MO) was designed against the
translational start site of dhx16 (5′-GGCCATTGTGAGTTTAGTTGTCTCT-
3′; GeneTools). 0.25–1.0 ng dhx16 MO or standard control MO (5′-
CCTCTTACCTCAGTTACAATTTATA-3′; GeneTools)were injected into 1-cell
embryos.
Results
Thematernal effectmutationmission impossible affects cellularmovements
during gastrulation
The mission impossible (mis) mutation was derived from a
parthenogenesis-based screen for maternal-effect mutations induced
by N-ethyl-N-nitroso-urea (ENU) (Pelegri and Schulte-Merker, 1999;
Pelegri, 2004), a mutagen that induces point mutations (Pelegri,
2002). Neither zygotically heterozygous nor zygotically homozygous
mutant ﬁsh appear affected by the mutation (Pelegri et al., 2004; see
below). However, homozygousmismutant females generate clutches
with 100% affected embryos regardless of the genotype of the male.Males homozygous for the mis mutation are viable and fertile.
Embryos from homozygous mis mutant females (which we refer to
as maternally mutant mis embryos, or simply mis mutant embryos)
develop obvious morphogenetic defects and rupture when stage-
matched wild-type controls have reached approximately 90% epiboly
(Pelegri et al., 2004). Throughout the cleavage and blastula stages,mis
mutant embryos are indistinguishable from wild-type embryos: DNA
segregation and cellularization appear normal (Pelegri et al., 2004).
During the initiation of epiboly, embryos show no signs of cell death
prior to lysis, including a lack of labelingwith dyes that label apoptotic
cells (Fig. 1 and data not shown), and nuclear and cell division appear
normal (Supp. Fig. 1). Most obviously, mis mutants suffer a reduction
in early epiboly movements (Figs. 1B,D, compared to age matched
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addition, the blastoderm fails to thin in mutants, as evidenced by its
increased thickness at the animal pole compared to wild-type (solid
white lines, Figs. 1B,D, compared to A,C).
In addition to epiboly defects, both involution of the hypoblast cell
layer and convergence of cells to the dorsal axis appear to be reduced
in mis mutants. The hypoblast layer forms from internalization and
animalward migration of marginal blastomeres beginning at about
50% epiboly (5.5 h.p.f., reviewed in Solnica-Krezel, 2006). The dorsal
hypoblast in the wild-type embryo extends from the vegetal margin
toward the animal pole (bracket in Fig. 1C). This animalward
extension is clearly reduced in live mis mutant embryos (bracket in
Fig. 1D). To better visualize this defect, we labeled cells by uncaging a
ﬂuorophore at the blastoderm margin at the initiation of gastrulation
(50% epiboly, 5 h.p.f.), and observed their spatial distribution at late-
gastrulation (9 h.p.f.) (Fig. 1E). Embryos were injected at the 1-cell
stage with the caged ﬂuorophore, which was uncaged in cells at the
margin of wild-type and mis embryos (Figs. 1F,G). Marginal cells in
wild-type embryos extend along the animal to vegetal axis (Fig. 1H,
double-headed arrow) whereas extension in mis embryos is greatly
reduced (Fig. 1I). The domain of labeled cells at later stages is also
typically broader in mutant embryos (bracket in Fig. 1I, compare to
H), suggesting defects in the convergence of cells towards the dorsal
axis. Patterns of hypoblast layer markers lefty2 (lft2; Bisgrove et al.,
1999), cyclops (cyc; Feldman et al., 1998; Rebagliati et al., 1998b), and
no tail/T/brachyury (ntl) are also consistent with a failure of marginal
hypoblast cells to extend animally within the axis and converge
towards the dorsal side. By mid-gastrulation in mis mutants, ex-
pression of these genes is diminished along the animal–vegetal axis
and broadened dorsolaterally (Supp. Fig. 2).
Additional experiments are consistent with a reduction in the
ability of mutant cells to move within the blastoderm. Uncaging of a
subset of cells at a time coincident with the initiation of epiboly (4.5 h
p.f., Fig. 2A) results in a reduction of cell mixing (Figs. 2C, E, compared
to B,D). Observation of wild-type and mutant cells co-transplanted
into wild-type hosts prior to the initiation of epiboly (sphere stage,
4 h.p.f., Fig. 2F) indicate that mutant cells (green; Figs. 2M–R) have a
reduced ability to be incorporated into the developing dorsal axis
compared to wild-type cells (red; Figs. 2G–L, see also overlay in S–X),
again consistent with a reduced ability of cells to undergo cell
movements. The microtubule network of the yolk syncytial layer
(YSL; Supp. Fig. 3), as well as the f-actin enrichment that occurs at the
epibolic margin within the YSL (Supp. Fig. 1), both of which are
known to be required for normal epibolic movements (Strähle and
Jesuthasan, 1993; Solnica-Krezel and Driever, 1994; Holloway et al.,
2009), do not reveal any apparent defects in mutant embryos.
Together, our observations indicate that mis function is required in a
cell autonomous manner for cell movements during gastrulation.
Mission impossible is required for the expression of endoderm-speciﬁc
zygotic genes
Because mis affects processes that occur after initiation of zygotic
transcription, we asked whether mis mutants exhibit defects in gene
expression in pathways involved in embryonic patterning. One of the
earliest known patterning events is the induction of the dorsal–
ventral axis in which antagonistic Wnt/β-catenin signaling and BMP
signaling establish dorsal and ventral fates, respectively (reviewed in
Schier and Talbot, 2005). We assayed for zygotic expression of dorsal
speciﬁc and ventral speciﬁc target genes by whole-mount in situ
hybridization. nieuwkoid/bozozok/dharma (nwk), a direct target of the
Wnt/ß-catenin pathway (Ryu et al., 2001) is expressed in dorsal
domains in both wild-type and mis at 5 h.p.f. (Supp. Fig. 4). We also
assayed the expression of downstream targets of nwk, goosecoid (gsc;
Stachel et al., 1993; Schulte-Merker et al., 1994a) and chordin (chd;
Fisher et al., 1997; Schulte-Merker et al., 1997), the neuroectodermalmarker foxb1.2 (Odenthal and Nüsslein-Volhard, 1998), and the
ventral-speciﬁc gene even skipped (eve; Joly et al., 1993) (Supp. Fig. 4).
Overall, expression of these marker genes is properly restricted to
dorsal and ventral regions in mis mutant embryos indicating correct
dorsal–ventral patterning in these embryos.
Next we looked at germ layer-speciﬁc genes to determine whether
the maternal effect of mis affects germ layer determination during
gastrulation. In situ hybridization of neuroectodermal markers chd
and foxb1.2 shows normal levels of transcript expression in mis
embryos compared to wild-type up to a time equivalent to 80%
epiboly in wild-type, when the embryos begin to undergo lysis due to
their abnormal morphogenesis (Figs. 3B,D, compare to A,C), although
the characteristic anterior “wings” of expression for these genes
(arrows in Figs. 3A,C) appear absent or reduced inmismutants. These
data also show that, in mis mutant embryos, transcription of at least
some genes is active until a time at or close to embryonic lysis.
We also tested for expression of genes in cells fated for mesoderm
and endoderm, which are initially intermingled at the blastoderm
margin. ntl, snail1a (Hammerschmidt and Nüsslein-Volhard, 1993;
Thisse et al., 1993), and lhx1a (Toyama et al., 1995), all genes
expressed in this mesendodermal layer, show strong expression
around the circumference of the embryo at the margin of both wild-
type and mis embryos (Figs. 3F,H,J, compare to E,G,I). On the other
hand, expression of endoderm-speciﬁc genes, such as foxA2 (Odenthal
and Nüsslein-Volhard, 1998) and sox17 (Alexander and Stainier,
1999), is dramatically reduced in mis mutant embryos. Endodermal
expression for these genes normally displays a dispersed “salt and
pepper” pattern in the internal-most cell layer (Figs. 3K,M, brackets),
and this expression domain is absent in mutant embryos (Figs. 3L,N).
sox17 expression normally observed in forerunner cells (arrowhead in
Fig. 3M) is also affected in the mutants (Fig. 3N), possibly related to a
requirement formis function in nodal signaling (see below) and a role
for this pathway in forerunner cell formation (Oteíza et al., 2008).
Quantitative PCR conﬁrms a nearly 100-fold reduction in sox17
expression relative to ß-actin expression (Supp. Fig. 5). Together, our
data indicate a requirement for mis function in the expression of
endoderm-speciﬁc genes.
Defects in maternal mis function do not affect upstream steps within the
zygotically-dependent nodal signaling pathway
Because nodal signaling is required for the induction of endoder-
mal genes, we assayed the expression of several nodal pathway
components by in situ hybridization (Fig. 4). These genes included the
Nodal-related genes squint (Feldman et al., 1998; Rebagliati et al.,
1998a; Erter et al., 1998) and cyclops (Feldman et al., 1998; Rebagliati
et al., 1998b), the mix-type transcription factor bonnie and clyde (bon;
Alexander et al., 1999; Kikuchi et al., 2000) and their downstream
target casanova/sox32 (cas; Kikuchi et al., 2001; Dickmeis et al., 2001).
At 5 h.p.f. sqt transcripts are induced zygotically at the dorsal margin
in both wild-type and mis embryos (Figs. 4A,B) and later expand
around the blastoderm margin (data not shown). cyc transcripts are
enriched at the blastodermmargin around the entire circumference of
the embryo (Figs. 4C,D). Likewise, bon and gata5 transcripts are
expressed normally at the blastoderm margin during their initiation
until midgastrulation (Figs. 4E,F and data not shown). These results
indicate that the mis allele does not affect transcription of these
zygotic genes in upstream events within the mesendoderm induction
pathway.
In wild-type embryos, cas expression becomes induced indepen-
dently of nodal signaling at the YSL margin at 40% epiboly (Fig. 4G),
and then later in a nodal-dependent manner in overlying endodermal
precursors within the DEL (Fig. 4I, bracket; Kikuchi et al., 2001;
Dickmeis et al., 2001). YSL expression of cas appears to be normally
initiated in mis embryos at 40% epiboly (Fig. 4H). However, at 75%
epiboly mis mutant embryos lack the characteristic salt and pepper
Fig. 2. Defects in cell movements in maternally mutant mis embryos. (A–E) Defect in cell mixing during early epiboly. (A) Labeling strategy, by uncaging ﬂuorescent tracer at the
sphere stage. Uncaging of a group of cells at the sphere stage in wild-type (B) andmismutant (C) embryos is followed by extensive cell mixing in the wild-type (D) but little mixing
in the mutant (E). (B–E) are side views, tilted toward the animal pole. Time after fertilization as indicated in h:min. Uncaging was carried out at 4:30 h.p.f., and some cell mixing has
already occurred in (B,C). Embryos shown in (A–E) are representative of 5 wild-type and 5 mutant embryos. (F–X) Cell autonomy of movement defect. (F) Labeling strategy, by co-
transplantation of rhodamine-labeled cells from wild-type (red) and ﬂuorescein-labeled cells from maternally mutant mis (green) donors at the sphere stage (4 h.p.f.) into
isochronic unlabeled wild-type host embryos. (G–L) Wild-type cells visualized with the rhodamine channel. (M–R) Mutant cells visualized with the ﬂuorescein channel.
(S–X) Merged images. Chimeric embryos were monitored for the ﬁrst 24 h of development, and a subset of time points is shown (h:min p.f., indicated in (S–X)). Wild-type cells
populate the embryonic axis of the host, while mutant cells remain in regions overlying the yolk cell. The embryo shown in (G–X) is representative of transplantations into 30 donor
embryos. All panels are lateral views with dorsal to the right, except (L,R,X) with dorsal at the top and anterior to the left.
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abnormally strong expression of cas at the blastoderm margin
(arrowhead). To determine if this marginal expression was located
in the DEL or the YSL, we performed ﬂuorescent in situ hybridization
of cas in wild-type andmis embryos and examined these cell layers inoptical sections using confocal microscopy. At 75% epiboly, wild-type
embryos show a low level of cas expression in the YSL (Fig. 4K,
asterisks), as well as strong cas expression within a dispersed subset
of DEL cells directly overlying the yolk cell (arrows in Fig. 4K), the
presumed endodermal precursors. In contrast, in mis embryos at this
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expressed strongly and uniformly in the YSL, and cas DEL expression
is drastically reduced. No accumulation of cas expressing cells is
observed in marginal cells of the DEL in mutants, ruling out thepossibility that in these embryos a population of cas-expressing DEL
cells is induced at themargin but fails to migrate animalward. Instead,
mutants seem to be defective in the induction of cas in the DEL. These
data indicate that mis mutant embryos are defective in dynamic
changes in cas expression: although the nodal-independent expres-
sion of cas in the YSL during early gastrulation appears to be initiated
normally, by midgastrulation the nodal-dependent induction in the
DEL is defective. In addition, the downregulation of cas expression in
the YSL that occurs during gastrulation is also affected inmismutants
(see Discussion).
Together, our results indicate that mis is not required for the
initiation of the early (zygotic) nodal signaling pathway. Instead, mis
appears to be involved in a relatively downstream event or events
within this pathway, ultimately leading to reduced activation within
the DEL of endoderm genes such as cas, sox17 and foxA2.
mis function is required for nodal-dependent expression of endoderm-
speciﬁc genes
To determine if endoderm speciﬁcation by nodal signaling is
dependent on mis, we overexpressed the nodal ligand Cyc or Sqt by
injection of itsmRNA into one-cell stage embryos and then assayed for
expression of downstream target genes (similar results were
observed in both cyc- and sqt-injected embryos; Fig. 5 and data not
shown). We ﬁrst tested the expression of genes known to respond to
ligand overexpression in wild-type embryo, gsc and ntl (Chen and
Schier, 2001). Upon cycmRNA injection at the one-cell stage, both gsc
and ntl are ectopically expressed in wild-type embryos at 30% epiboly
(5 h.p.f.)(Figs. 5A,E), as expected. Importantly, both of these genes are
activated to the same extent in similarly treated mis embryos
(Figs. 5B,F). These results suggest that mis mutant embryos are able
to normally activate the nodal signaling pathway upon ligand
overexpression, resulting in the expression of some nodal-dependent
targets. Interestingly, at a later stage (60% epiboly; 7 h.p.f.), ntl
expression is largely absent from cyc-injected wild-type embryos
(Fig. 5C) while, in stark contrast, similarly injected mis mutant
embryos maintain high ntl expression throughout the blastoderm
(Fig. 5D). This can be explained by both the demonstrated ability of
cas to inhibit ntl accumulation (Aoki et al., 2002a; see also Chen and
Schier, 2001) and our ﬁnding that mis activity is required for cas
activity (see below). Additional experiments show that mis embryos
also can respond to the overactivation of other signaling pathways,
such as the Wnt/ß-catenin and the FGF signaling pathways (Schier
and Talbot, 2005), to induce the ectopic expression of their target
genes (Supp. Fig. 6).
Our next experiments directly tested the response of the
endoderm-speciﬁc genes cas and sox17 to ectopic nodal activation
in mutant embryos. cas shows ectopic induction in response to nodal
signaling in both wild-type and mis embryos (Figs. 5G,H), indicating
thatmis function is not essential for cas activation. On the other hand,
mis activity is essential for the expression of sox17 after ectopic nodalFig. 3. Induction of endoderm-speciﬁc genes is affected in maternally mutant mis
embryos. Analysis of germ layer gene markers in wild-type (A,C,E,G,I,K,M) and
maternally mutant mis embryos (B,D,F,H,J,L,N). Ectodermal markers chordin (A,B) and
foxb1.2 (C,D) are induced in wild-type and mismutants at similar levels, although their
anterior-most domains of expression (arrows in A,C) are absent in mis mutants.
Mesodermal marker genes no tail (E,F), snail1a (G,H), and lhx1a (I,J) are also induced in
the blastoderm margin at normal levels in mis mutants compared to wild-type. On the
other hand, mis mutant embryos fail to activate endodermal markers foxA2 (K,L) and
sox17 (M,N) in the “salt and pepper” pattern characteristic of endodermal cells
(brackets in K,M, compare to no detectable expression in L,N). The axial mesodermal
domain of foxA2 (arrowheads in K,L) does become induced in mutant embryos, albeit in
an abnormally shaped domain likely caused by the morphogenesis defects associated
with the mutation (a similar effect is observed with regards to the axial domain of
zlim-1 arrowhead in (I); see also Supp. Fig. 2). Expression of sox17 in forerunner cells
(arrowhead in M) is absent in the mutant (N) (see text). Stages are 5 h.p.f. (E,F), 6 h.p.f.
(G–J,M,N), and 8 h.p.f. (A–D,K,L). All images are dorsal views with the animal pole at the
top, except (E,F) which are animal views.
Fig. 4. Defects in endoderm-speciﬁc gene expression in maternally mutant mis embryos occur in downstream steps within the pathway. Wild-type (A,C,E,G,I,K) and mis mutant
(B,D,F,H,J,L) embryos assayed for expressed transcripts encoding endoderm signaling components, including the nodal signals squint (A,B) and cyclops (C,D), and the transcription
factors bon/mixer (E,F) and casanova/sox32 (cas, G-L). Expression patterns for squint, cyclops, and bon appear similar in wild-type and mismutant embryos. cas becomes induced in
the YSL at 5 h.p.f. in both wild-type andmismutants (G,H). By 8 h.p.f., endodermal cells extending into the hypoblast layer express cas in a “salt and pepper” distribution in wild-type
(I, bracket). However, cas expression inmismutant embryos at this stage is restricted to the blastodermmargin (J, arrowhead). (K,L) Closer analysis of cas gene expression in the YSL
and DEL was carried out by FISH with a cas antisense probe (red) and DAPI labeling (blue), followed by confocal microscopy. The YSL layer can be distinguished from the DEL by the
less dense arrangement of its nuclei and their larger size, and a white line has been drawn between the two layers. In wild-type embryos at this stage (K), expression of cas in the YSL
is subsiding (asterisks indicate YSL nuclei associated with casmRNA), while strong expression has begun in interspersed DEL cells tightly adjoining the YSL (arrows), the presumed
endodermal precursors. On the other hand, mis embryos (L) show abnormally strong and persistent cas expression in the YSL and very few, if any, cas-expressing cells in the DEL.
Stages are 5 h.p.f. (A–D, G,H), 6 h.p.f. (E,F), and 8 h.p.f. (I–L). (A,B,G,H) are lateral views with dorsal to the right, when identiﬁable. (C–F) are animal pole views (expression in
embryos corresponding to these panels is largely symmetric and slight apparent asymmetries in the embryos shown are caused by photographing artifacts). (I,J) are dorsal views.
(K,L) are optical sections through the embryonic blastoderm at about 1/3 of the way between the margin and the animal pole.
281E. Putiri, F. Pelegri / Developmental Biology 353 (2011) 275–289activation (Fig. 5J, compare to I; and data not shown). These results
further conﬁrm a role for mis function in the nodal-dependent
induction of downstream endoderm-speciﬁc targets.
The fact that nodal overexpression can effectively induce cas but
not sox17 in mis embryos suggests that mis functions at a level at or
downstream of cas in the endoderm speciﬁcation cascade. To further
corroborate this, we injected mRNA encoding cas into wild-type and
mis embryos and again assayed for endoderm-speciﬁc gene induction
(Aoki et al., 2002a). In wild-type injected embryos, sox17 is induced
throughout the blastoderm (Fig. 5K) butmismutants injectedwith cas
show a reduced ability to induce sox17 (Fig. 5L). A requirement formis
function is also observed in blastoderm explants with ectopically
activated nodal signaling (Fig. 6A; David and Rosa, 2001). Explants
from mutant embryos exhibit a reduced ability to induce sox17
(Fig. 6C) compared to the response of wild-type explants (Fig. 6B;
David and Rosa, 2001), demonstrating that the requirement for mis
function is independent of the yolk cell. Together, our results indicate
a role for maternally-derived mis function in a relatively downstream
event in the zygotic pathway of endoderm induction, speciﬁcally at or
downstream of cas function but upstream of sox17 transcriptional
activation.
Mission impossible codes for the RNA helicase Dhx16
To determine the molecular identity of mis, linkage segregation
analysis of the mutation in a genetic background hybrid for two
polymorphic strains determined that the mis locus is located in a1.3 cM region between 63.7 cM and 65.0 cM of the MGH zebraﬁsh
recombination map (see Materials and methods). In addition to the
MGH markers, additional polymorphic markers were identiﬁed from
the established mapping families by sequencing candidate genes or
non-coding regions predicted by the genome sequence assembly
version 52.7E (http://www.ensembl.org; Supp. Table 1). Segregation
analysis in critical recombinant females further narrowed the region
containing the mis locus to a 0.1 cM interval (3 recombinants out of
2249 total meiotic events; Supp. Fig. 7). According to the available
zebraﬁsh genomic databases and excluding genes that include
markers genetically separable from the mutation, the resulting region
contains 6 known or predicted genes (Supp. Table 2).
In order to identify the mis locus within this region, we generated
maternal cDNA from 1-cell embryos derived from both mis mutant
and wild-type ﬁsh and fully sequenced the open reading frames for
the six gene candidates within the critical region (Supp. Table 2).
Among these genes, only one non-silent mutation was detected: a
single nucleotide base change in dhx16 resulting in an Isoleucine (Ile)
to Asparagine (Asn) substitution at amino acid number 430 of the
protein (Figs. 7A,B).
Sequence comparison to Dhx16 in other organisms shows that Ile
430, a hydrophobic residue, is conserved in the species Takifugu
rubripes, more commonly known as fugu (Fig. 7C). Other eukaryotic
Dhx16 sequences, however, possess a Valine at this position, another
hydrophobic amino acid. Although Ile is not absolutely conserved in
all species, the conservation of its hydrophobicity suggests that this
property is important for normal protein function. Comparison of
Fig. 5. Nodal-dependent activation of sox17 requires maternally-derived mis function.
Wild-type (A,C,E,G,I,K) andmismutant (B,D,F,H,J,L) embryos were injected at the 1-cell
stage with cyc (A–D,G–J), sqt (E,F) or cas (K,L) mRNA, and assayed by in situ
hybridization for the expression of no tail (A–D), gsc (E,F), cas (G,H) and sox17 (I–L).
(A,B) In both wild-type and mis mutant embryos injected with cyc mRNA, ntl is
ectopically induced in the blastoderm at 5 h.p.f. By 7 h.p.f., however, ntl ceases to be
expressed in injected wild-type embryos (C), but remains strongly expressed in mis
mutants (D). (E–H) Activation of nodal signaling results in ectopic gsc (E,F) and cas
(G,H) expression at similar levels in both wild-type andmismutant embryos, but leads
to the strong induction of sox17 only in wild-type embryos (I) and not in mis mutants
(J). (K,L) Overexpression of cas results in sox17 expression in wild-type (K) but notmis
mutant (L) embryos. All panels are side views, except (E,F), which are animal views.
Fig. 6. Nodal-dependent induction of endoderm-speciﬁc genes in blastoderm explants
is dependent on maternalmis function. (A) Experimental manipulation: cycmRNA was
injected at the 1-cell stage, and the blastoderm was manually excised away from
marginal cells and the yolk cell at the late blastula stage (sphere stage, 4 h.p.f.), as
originally carried out by David and Rosa (2001). At 7 h.p.f., explants from wild-type
embryos show robust sox17 expression (B), while explants from mis mutant embryos
lack sox17 expression (C). Embryos shown are a subset of representative embryos from
two experiments with at least 15 wild-type and 15 mis embryos per experiment.
Embryonic explants were only included if they were intact after dissection. Embryo
diagrams in (A) are adapted from Kimmel et al. (1995) (images courtesy of ZFIN).
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also reveals the presence of Ile at this residue, further corroborating its
functional importance (Fig. 7C).
The Zebraﬁsh Dhx16 polypeptide is deﬁned by elements found in
the DEAH-box protein family including a DEAH/X helicase domain
and putative ATP binding domain (Fig. 7A). Dhx16 is highly similar to
other vertebrate and invertebrate molecules including Caenorhabditis
elegansMog-4 (Puoti and Kimble, 2000), and contains some similarity
to a maternally expressed Arabidopsis thaliana protein MEE29 (Puoti
and Kimble, 2000) and the Saccharomyces cerevisiae protein Prp2p
(Arenas and Abelson, 1997) (Supp. Table 3). The residue altered by
mis is the ﬁrst of 4 conserved hydrophobic residues adjacent to
sequence with strong similarity to theWalker-Amotif for ATP binding
(Fig. 7A; Walker et al., 1982). This is one of two motifs, the Walker-A
and Walker-B motifs, ﬁrst recognized in the molecules ATP synthase
and myosin and subsequently identiﬁed in numerous kinases. The
Walker-A motif contains the sequence GxxxxGK[S/T] and is thought
to be a critical binding site for ATP to DEAH box polypeptides (Hall and
Matson, 1999; Tanner and Linder, 2001).
To verify the molecular identity of mis as dhx16, we synthesized
mRNA from a full length wild-type zebraﬁsh dhx16 cDNA and injected
it into one-cell embryos from wild-type andmis females (Fig. 8; Supp.
Table 4). Initial experiments indicated that wild-type embryos
injected with wild-type dhx16 mRNA appear normal (Fig. 8A and
data not shown). mis uninjected embryos showed the expected
delayed gastrulation movements and lysed before the completion of
epiboly (Fig. 8B). mis mutant embryos injected with wild-type dhx16
mRNA, however, showed varied degrees of morphological rescue
including a well-deﬁned shield and normal epiboly progression
(Fig. 8C), andmany were indistinguishable fromwild-type uninjected
(not shown) or wild-type injected embryos (Fig. 8A). Embryos
injected with dhx16 mRNA were able to complete gastrulation and
survive to 24 h.p.f. (56%, of 129 scored embryos). Of thosemismutant
embryos injected with wild-type dhx16mRNA that survived to 24 h p.
f., a majority of embryos (68%, of 63 scored embryos) showed a wild-
type body morphology (Fig. 8E, compare to D), while others showed
Fig. 7.Molecular lesion of the maternally mutantmis allele occurs in a conserved amino acid of the dhx16 gene. (A) Amino acid sequence of the zebraﬁsh DEAH Box Polypeptide 16,
accession NP_956318 (Amsterdam et al., 2004; Sambrook et al., 2005) shows four domains (denoted by I, II, III, and IV) predicted by Pfam (http://pfam.sanger.ac.uk/; Finn et al.,
2008) and the Conserved Domain Database at NCBI (http://www.ncbi.nlm.nih.gov/; Marchler-Bauer et al., 2007). DEAH16 contains the DEXDc domain of the DEAD-like helicase
superfamily at residues 429–568 (underlined, I) and a conserved helicase domain for DEAD/H helicases (Pfam family PF00271) at residues 649–743 (underlined, II). The DEAH
region contains a stretch of amino acids similar to the Walker A motif for ATP-binding at residues 435–442 (box “a”), and the DEAH box itself (box “b”). The residue Isoleucine 430
affected in the mist792 allele is indicated by a red star. A predicted HA2 domain (helicase associated domain; pfam04408) is contained in residues 805–895 (box, III) and may be
involved in RNA binding. Another domain of unknown function (DUF1605; pfam07717) found near the C-terminus of DEAD box helicases is identiﬁed in residues 929–1028 (box,
IV). (B) DNA sequence traces of the wild-type heterozygote and mutant homozygous mist792 genomic DNA. The nucleotide and amino acid substitutions are indicated in red. The
region of high conservation in Eukaryota is enclosed by a pair of arrows. (C) Protein sequence comparison showing that the amino acid substitution in the mist792 allele occurs in a
semi-conserved residue in a highly conserved region. Four conserved hydrophobic residues are underlined in green. Sequence similar to Walker-A motif for ATP binding is
underlined in gray (G-X-X-X-X-G-K-T).
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possibly associated with incomplete rescue (Fig. 8F). These genetic
rescue data conﬁrm that mission impossible codes for dhx16.
Additional experimentswere carried out to compare in parallel the
efﬁciency of rescue of mRNA corresponding to the maternal-effect
mist792mutant (dhx16I-NN construct, see Materials andmethods) and
wild-type alleles (Supp. Table 5). As expected, in these experiments
mis mutant embryos injected with wild-type dhx16 mRNA showed
marked rescue of the mutant phenotype (66% with normal progress
during gastrulation, n=151). Similarly injected mutant siblings
injected with dhx16I-NN mRNA showed no signiﬁcant rescue, largely
exhibiting the delays characteristic of uninjected control mutant
embryos (0% with normal progress during gastrulation, n=71).
Expression pattern of mis/dhx16
The expression pattern of dhx16 during embryogenesis has been
previously found to be not spatially restricted during early embryo-
genesis (Thisse et al., 2004). Presence of the transcripts prior to the
mid-blastula transition indicate their maternal inheritance (Supp.
Fig. 8), consistent with identiﬁcation of a maternal-effect mutation in
this gene. As development proceeds, transcript levels appear
unchanged until gastrulation (Supp. Fig. 8). This suggests the
possibility that maternal mRNA may perdure until these later stages,
when mis has a functional role. Levels or distribution of maternally-
derived dhx16 mRNA do not appear affected in mis mutant embryos,
as judged by in situ hybridization analysis (Supp. Fig. 8). mis/dhx16transcripts can be observed to be ubiquitously expressed throughout
gastrulation and somitogenesis, and later become enriched in the
head region beginning at 24 h.p.f. (Thisse et al., 2004).
mis/dhx16 is required zygotically for embryonic viability
Previous studies have identiﬁed a retrovirally-induced insertional
mutation in zebraﬁsh dhx16, dhx16hi4049, which is thought to be a null
mutation (Golling et al., 2002). Zygotically homozygous dhx16hi4049
embryos appear morphologically normal during the ﬁrst 24–36 h of
development. Moreover, in situ hybridization analysis suggests a
normal activation of genes expressed in the mesoderm (ntl) and
endoderm (cas, sox17, foxA2) during gastrulation and somitogenesis
(assayed until 24 h.p.f., data not shown). The normal establishment of
the basic body plan and induction of meso/endodermal layers is
consistent with the presence in these embryos of maternal products
inherited from the heterozygous mother. However, starting at around
36–48 h.p.f., these embryos show a general necrosis, throughout the
body but particularly evident in the brain region, and they invariably
lyse between days 3 and 6 of embryonic development (Golling et al.,
2002; Fig. 9B, compare to 9A; Supp. Table 6). Defects in these null
mutant embryos are likely the result of programmed cell death, as
evidenced by increased labeling by the dye acridine orange (Supp.
Fig. 9), which labels apoptotic cells (Furutani-Seiki et al., 1996), and
the inhibition of this labeling by a general caspase inhibitor (Ikegami
et al., 1999; Chan et al., 2001) (Supp. Fig. 9). Labeling of dhx16hi4049
homozygous mutant embryos to detect key cellular markers, such as
Fig. 8. Rescue of the maternally mutantmis phenotype with wild-type dhx16mRNA.
(A–C) Live embryos observed at 8 h.p.f., corresponding to 75% epiboly stage in
unaffected wild-type embryos. Dotted line shows the blastoderm margin,
indicative of the front of epiboly; a vertical solid white line indicates the thickness
of the animal-most cell layer, which normally thins out during gastrulation; and
brackets demarcate the approximate extent of the involuted cell layer. (A) Wild-
type embryos injected with dhx16 mRNA appear normal, shown here during
gastrulation. (B) Control uninjected mis mutant embryos show morphogenetic
defects characteristic of the mutation, including a reduction in epiboly, a thickened
animal cap and reduced involution. (C) Three mis mutant embryos injected with
dhx16 mRNA at the 1-cell stage, showing largely normal morphogenesis during
gastrulation. (D–F) Live embryos observed at 24 h.p.f. (D) Wild-type embryo at
24 h.p.f. (E–F)mismutant embryos with injected dhx16mRNA survive gastrulation.
A majority of these embryos exhibit a wild-type morphology (E), indicative of full
genetic rescue. Some embryos, likely those with partial genetic rescue, survive
gastrulation but have a shortened axis (F). Focal plane in (F) allows observing an
abnormal undulation of the notochord (arrowhead), which may reﬂect remaining
defects in dorsal convergence. As expected, uninjectedmismutant sibling embryos
lyse during epiboly (not shown). Side views, animal pole to the top and dorsal side
to the right in (A–C), and anterior to the left and dorsal to the top in (D–F).
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compact nuclei characteristic of apoptotic cells but no other obvious
defects in the cytoskeleton or the cell cycle (data not shown).
We also carried out crosses between individuals carrying the
maternal-effect (mist792) and the insertional (dhx16hi4049) alleles.
Crosses between individuals carrying these mutations result in a
lethal phenotype in the expected Mendelian proportions (Supp.
Table 6 and data not shown). A fraction of mist792/dhx16hi4049
transheterozygotes exhibit the necrosis phenotype observed in
dhx16hi4049/dhx16hi4049 homozygotes (Fig. 9C; Supp. Table 6), further
supporting the idea that this phenotype is caused by a reduction in
zygotic mis/dhx16 function. In addition, functional reduction of dhx16
with a morpholino-conjugated oligonucleotide directed against the
dhx16 translational start results in a similar necrosis phenotype
(Fig. 9D and data not shown).
Interestingly, the penetrance and expressivity of the necrosis
phenotype is reduced in mist792/dhx16hi4049 transheterozygotescompared to dhx16hi4049/dhx16hi4049 homozygotes (Fig. 9C, compare
to B; Supp. Table 6). Nevertheless, most if not all transheterozygotes
appear to not be viable at day 5 of development, as reﬂected by a lack
of swimbladder inﬂation (Supp. Table 6 and data not shown), a
phenotypic endpoint associated with a wide range of late embryonic
lethal conditions (see, for example, Haffter et al., 1996; Carney et al.,
2006). The reduced phenotypic strength in mist792/dhx16hi4049
transheterozygotes is consistent with the mist792 allele retaining
partial function.
In agreement with insertional site assignment by Golling et al.
(2002), injection of wild-type dhx16 mRNA at the one-cell stage
rescues the zygotic necrosis phenotype normally observed in clutches
derived from dhx16hi4049 heterozygous parents (Supp. Fig. 10). We
used this assay to test whether the maternal-effect mist792 mutation
(dhx16I-NN)may constitute a dominant-negative allele, as the zygotic
null phenotype for other genes can be signiﬁcantly enhanced by the
expression of dominant negative products (presumably through their
interference with maternally-inherited wild-type product, see Yabe
et al., 2009). Injections of mRNA coding for the dhx16I-NN product at
the one-cell stage do not signiﬁcantly enhance the strength of the
zygotic phenotype compared to uninjected controls (Supp. Fig. 10),
arguing against a dominant-negative nature for this allele. This is
further supported by the fully recessive nature of this allele in a large
number of mapping crosses (Supp. Fig. 7 and data not shown), as well
as the lack of signiﬁcant effects caused by expression of dhx16I-NN
product into wild-type embryos (data not shown). Instead, our
genetic complementation analysis suggests that the mist792 allele
codes for a hypomorphic (partial loss-of-function) allele. In the
context of increased functional requirements often observed during
the rapid divisions characteristic of cleavage stages (e.g. Yabe et al.,
2007, 2009), this hypomorphic nature may explain the isolation of
an apparently maternal-speciﬁc allele in a gene that has both zygotic
and maternal requirements.
Discussion
Here, we present the functional analysis and molecular identiﬁ-
cation of the gene mission impossible, originally identiﬁed through a
maternal-effect mutation that results in defects in embryonic
inviability during gastrulation. mis function appears to be required
within zygotic pathways that act relatively late in embryogenesis,
well after the activation of the zygotic genome at the midblastula
transition, and our results provide a striking example of the
interweaving of maternally- and zygotically-derived functions to
control the vertebrate egg-to-embryo transition. We further show
that mission impossible encodes the RNA helicase Dhx16. RNA
helicases have been known to be important for the determination of
the primordial germ cells (Hay et al., 1988; Roussell and Bennett,
1993; Gruidl et al., 1996; MacArthur et al., 2000; Navarro et al., 2001;
Palacios et al., 2004; Kotaja et al., 2006; Kloc and Chan, 2007; Salinas
et al., 2007) and various other processes in somatic tissues (Tijster-
man et al., 2002; Audhya et al., 2005; Yang et al., 2006, 2007; Meignin
and Davis, 2008; Hubert and Anderson, 2009). This study adds to this
growing list by demonstrating a role for an RNA helicase in the
expression of speciﬁc target genes in the early zebraﬁsh embryo.
Mission impossible encodes Dhx16
Positional cloning and genetic analysis of a mutation in mission
impossible, initially identiﬁed as a recessive maternal-effect mutation,
indicate that this gene encodes the RNA helicase Dhx16. First, mis
maps to a critical 0.1 cM region that includes Dhx16. Second,
sequencing Dhx16 in the chromosome containing the mis mutant
allele reveals an amino acid substitution in an evolutionarily
conserved residue in the Dhx16 protein, while other genes in the
critical region do not contain any non-synonymous changes. Third,
Fig. 9. Complementation analysis and functional reduction of mis/dhx16. Live embryos at day 3 p.f. (A,A’) heterozygous for the dhx16hi4049 mutation have a wild-type morphology.
(B,B’) Homozygous dhx16hi4049/dhx16hi4049 embryos exhibit necrosis and overall reduction in the head region, as well as a shortened and bent body axis. (C,C’) Necrosis, head
reduction and body shape defects are present in mist792/dhxhi4049 transheterozygotes, albeit not to the extent found in dhx16hi4049 homozygotes. (D,D’) Embryos injected with
0.25–1 ng (shown here with 0.25 ng) of morpholino-conjugated oligonucleotide directed against the dhx16 translational start site develop a phenotype similar to that of
dhx16hi4049/dhx16hi4049 homozygotes. Embryos injected with similar amounts of a control morpholino appear normal (not shown). In (B–D), the necrosis phenotype could be
observed as early as day 2 p.f. as a darkening in the head (not shown), developed at day 3 p.f. into the smaller head (sometimes still associated with darkening) shown in these
panels, and the embryos invariably lyse between days 3 and 6 of development. Side views, anterior left, dorsal up. Right column is a higher-magniﬁcation view of the left column
focusing on the head region.
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one-cell stagemismutant embryos rescues the embryonic phenotype
characteristic of this mutation. Finally, the maternal effect mis
mutation fails to complement an insertional mutation in the dhx16
gene. We conclude that mission impossible corresponds to dhx16.
The mutation in the maternal-effect mis allele is a missense
mutation in a highly evolutionarily conserved amino acid in the RNA
helicase Dxh16. This missensemutation results in the substitution of a
nonpolar amino acid found in all Dhx16 homologues from plants to
humans to a negatively charged residue, in a conserved hydrophobic
core just 5 residues upstream of the Walker A motif involved in ATP
binding (Walker et al., 1982). This amino acid change may alter the
efﬁciency of the ATP-dependent helicase activity of this protein and
lead to partial loss of function of the mutant protein.
Zebraﬁsh mis/dhx16 gene is essential for embryonic development
Our analysis of the mission impossible/dhx16 gene indicates an
essential role for this gene in zebraﬁsh embryogenesis. Some of the
essential functions are dependent on maternally derived products.
One such maternally-dependent function appears to be important forproper cellular movements during gastrulation. Cells in maternally
mutantmis embryos undergo slower vegetalward movements during
epiboly, a defect that can be observed during early epiboly (5.3 h.p.f.).
Movements that begin somewhat later during epiboly, such as
involution (5.7 h.p.f.) and dorsal convergence (6–7 h.p.f.) also appear
reduced in maternally mutant mis embryos. Transplantation of
mutant cells into wild type embryos indicates that these processes
are cell autonomous. These multiple defects may be most easily
explained if maternally mutant mis cells have a general defect in cell
migration. We cannot rule out, however, the possibility that such a
generalized defect in cell movement stems from an overall reduction
in cell viability due to a general cellular requirement for mis/dhx16.
Nevertheless, a possible general requirement formis/dhx16 function is
not supported by the robust expression of various genes at later stages
of development (see below) as well as the absence of signs of cell
necrosis or apoptosis during gastrulation.
A second, perhaps more speciﬁc, function for maternally-derived
Mis product appears to be in the activation of speciﬁc downstream
genes within the endoderm induction pathway. This defect appears to
be relatively speciﬁc to downstream endodermal genes, as both
ectodermal genes and mesodermal genes appear to be induced to
Fig. 10. Model for the site of action of mis/dhx16 function within the endoderm
induction pathway. Lack of induction of sox17 expression in mis mutants expressing
nodal ligand or Cas suggests a role for maternally-provided mis function, downstream
of cas expression but upstream of sox17 expression. Induction of mesodermal genes, in
unperturbed embryos and embryos expressing nodal ligand, is unaffected in mis
mutants. Effects of mis mutation on the endogenous expression of cas may reﬂect a
requirement for Cas activity for its own expression (Dickmeis et al., 2001; not shown in
diagram).
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(but not mesodermal) gene expression after overexpression of nodal
signals is affected in mis mutant embryos.
Several lines of evidence suggest that the defects inmorphogenetic
movements and endoderm induction observed in mis mutant
embryos are separable. On one hand, defects in cellular movements
can be observed as early as the initiation of epiboly (5 h.p.f.), which
begins hours prior to the induction of the affected endodermal genes
that normally occurs at 75% epiboly (8 h.p.f.). On the other hand,
defects in the induction of endoderm-speciﬁc genes in maternally
mutant mis embryos occur even under conditions of nodal over-
expression in blastoderm explants which do not seem to undergo any
of the cellular movements characteristic of gastrulation. However, we
cannot entirely rule out that the observed set of defects, in
morphogenesis and gene expression, is not causally related by
processes that we do not currently understand.
The analysis of the null mis/dhx16 mutant phenotype suggests
additional roles for this gene during development. Embryos homozy-
gous for an insertional allele in dhx16, dxh16hi4049 exhibit a general
necrosis observable starting at 24–36 h of development. This indicates
that mis/dhx16 also has a function essential for cell viability later
during development, in this case relying on zygotically-derived mis/
dhx16. It is presently unclear whether the apparent increased severity
of this defect in the brain region represents a greater requirement for
mis/dxh16 function in this region, or instead reﬂects a general
requirement for mis/dhx16 function in cell viability that is revealed
by the faster rates of cell division and exhaustion of maternal product
supply in this tissue (see, for example, Wehman et al., 2007; Yabe
et al., 2009).
Dependence of the zygotically-driven nodal signaling pathway on
maternally-derived mis/dhx16 function
A striking aspect of the phenotype of maternally mutant mis
embryos is a defect in the activation of a subset of endodermal genes.
It is remarkable that, althoughmis function is required maternally for
endoderm induction, our analysis indicates that its function occurs in
downstream steps within the zygotically driven nodal signaling
pathway. In maternally mutantmis embryos, the nodal-related genes
squint and cyclops, and their immediate downstream target gene bon
are initiated normally. However, in these mutants expression of more
downstream genes in the endoderm induction pathway, such as cas,
sox17 and foxA2 is defective.
Expression analysis in embryos overexpressing nodal ligands
suggests that the requirement for mis/dhx16 function occurs down-
stream of cas activation and is essential for the expression of sox17.
This is further supported by the ﬁnding that sox17 expression does not
occur in mis mutant embryos expressing Cas. Thus, our observations
suggest a role for mis/dhx16 function in a step downstream of cas
function but upstream of sox17 gene activation (Fig. 10). Moreover,
mis function is essential for the induction of endodermal genes in
blastoderm explants, thus ruling out the possibility that mis function
is essential for target gene activation by mediating a signal from the
yolk cell.
While a requirement for mis function in cas activation is apparent
in unperturbed embryos,mutant embryoswith exogenously activated
nodal signaling appear to express cas normally. This may be explained
by the role of mis/dhx16 function downstream of Cas activity and the
previously postulated function of Cas in the maintenance of its own
expression (Dickmeis et al., 2001). However, our data do not fully rule
out a separate effect of themis/dhx16mutation on cas induction that is
only apparent in the unperturbed embryo.
In contrast to defects in the induction of endoderm-speciﬁc genes
in the DEL, mis mutant embryos do not exhibit defects in the
activation of cas in the YSL layer. This is in agreement with our
ﬁndings that mis mediates downstream events in the nodal pathway,since cas YSL expression has been previously shown to be nodal-
independent (Dickmeis et al., 2001; Kikuchi et al., 2001). However,
mis mutants do show persistent levels of cas in the YSL by
midgastrulation, a time when this expression has largely subsided
in wild-type embryos. This suggests a possible scenario for the
dynamic regulation of cas expression, where nodal/mis-independent
YSL expression precedes nodal/mis-dependent DEL expression, and
negative feedback from nodal/mis-dependent genes in the DEL is
important for subsequent downregulation of cas expression in the
YSL.
Molecular mechanisms of potential mis/dhx16 homologues suggest a
requirement for this gene in posttranscriptional regulation of gene targets
Studies on the function of Dxh16 homologues in other organisms
offer clues as to the potential function of zebraﬁshmis/dhx16. In yeast,
the dhx16 homologues prp8 in S. pombe and prp2 in S. cerevisiae, are
involved in spliceosome function (Yean and Lin, 1991; Kim et al.,
1992; Lundgren et al., 1996). Expression of the human homologue
DBP2 partially rescues lethality in S. pombe prp8 mutants (Imamura
et al., 1998), indicating functional conservation between yeast and
human proteins. In the nematode C. elegans, the dhx16 orthologmog-4
is among a group of genes shown to have an essential role in the
translational repression of fem-3, required for the sperm-to-oocyte
transition in this organism by FBF (Gallegos et al., 1998; Graham and
Kimble, 1993; Graham et al., 1993; Puoti and Kimble, 1999, 2000;
Belﬁore et al., 2002), which directly binds regulatory elements in the
fem-3 3′-UTR (Ahringer and Kimble, 1991; Zhang et al., 1997;
Crittenden et al., 2002). However, the molecular basis for the
requirement for mog genes in this process has not been reported.
Interestingly, mutant combinations that allow the production of
oocytes from C. elegans mog mutant females reveal maternal-effect
morphogenesis defects caused by mog mutations (Graham and
287E. Putiri, F. Pelegri / Developmental Biology 353 (2011) 275–289Kimble, 1993; Graham et al., 1993), reminiscent of those observed in
zebraﬁsh mis mutants. These observations and our own data suggest
that zebraﬁshmis/dhx16may be required for the regulation of a subset
of genes involved in early development, possibly at the level of
posttranscriptional regulation. Indeed, the large number of maternal
transcripts deposited in the zebraﬁsh egg, which await their
activation at the right time and place during early embryonic
development, poses an impending need for precise posttranscrip-
tional regulation. However, the precise molecular mechanism of Mis/
Dhx16 action remains a question for future studies.
Further studies will also be necessary to identify the targets or sets
of targets regulated by mis/dhx16. Lack of maternal spg/pouf51
function results in defects in morphogenesis and gene expression
defects similar to those observed in maternally mutant mis/dhx16
embryos (Lunde et al., 2004; Reim et al., 2004). Thus, it is possible that
spg/pouf51 is a target of Mis/Dhx16. Another potential Mis/Dhx16
target is the mRNA for the gene eomesodermin, which has been
implicated in the transcriptional regulation of cas andwhosematernal
mRNA becomes localized to the blastodisc margin during early
embryonic cell divisions (Bjornson et al., 2005). In addition, Eomes
and its target gene mtx2 are also required for proper epibolic
movements (Bruce et al., 2005; Wilkins et al., 2008). However, in
situ hybridization analysis indicates that maternally mutant mis
embryos do not exhibit readily apparent changes in maternal eomes
mRNA localization (our unpublished data). We are currently
investigating whether mis is involved in the regulation of these
candidate genes at other posttranscriptional levels, such as splicing or
translational control. In addition, genome-wide studies will be
essential to determine, in an unbiased manner, potential targets for
mis/dhx16 function.
In summary, we show that the zebraﬁsh maternal-effect gene
mission impossible codes for an RNA helicase, Dhx16, that is essential
for embryonic development, including the expression of downstream
endoderm-speciﬁc genes. Themolecular identity of this gene suggests
a function of this helicase in the regulation of mRNAs during the
transition between the maternal and zygotic control in vertebrate
embryogenesis.
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